Generally, the surface textures of the sport fabrics influence the aerodynamic properties of the athletes in motion. On the other hand, the surface texture of sports garments largely depends on the applied stress while wearing. Therefore, the fitting of garments on athlete bodies can make the aerodynamic behaviour more complex. Additionally, the fabric at an appropriate level of stretching can provide an aerodynamic advantage. The primary objective of this study was to measure the aerodynamic properties of three commercially available sport fabrics using a standard cylinder methodology over a range of Reynolds numbers and stretch conditions alone with microscopic analysis. The results indicated that the surface texture of the fabric was changed under different stretched levels and these changes in the surface texture had a notable effect on the aerodynamic drag. The surface texture of fabrics caused transitional effect at lower speeds compared to the smooth bare cylinder providing almost 30% drag reduction.
Introduction
The athlete's suit has been experimented for years with the compression garments in different speed sports in order to enhance performance [1] [2] [3] [4] . In sports fabric, two examples that explicitly exemplify materials and design are swimming body suits and graduated compression garments [6] . Troynikov et al. [7] stated that the majority of commercial compression garments currently available for sport applications are claimed to provide the wearer with enhanced blood flow, better muscle oxygenation, reduced fatigue, faster recovery, reduced muscle oscillation and reduced muscle injury. However, some manufacturers have claimed significant reduction of drag, but it is difficult to find independent research in the open literature that supports these claims and counter claims [2, 4] .
Aerodynamic properties of sports garments play a vital role in athlete performance in a wide variety of sports (e.g., cycling, speed-skating and bobsleighs). Consideration of aerodynamic performances includes surface texture, seam and fastener placement, and air permeability [2] . The research has shown that a twofold rise in athlete's velocity brings forth a four-fold rise in the drag force that needs to be overcome [6] . Moria et al. [4, 5] and Chowdhury et al [2] carried out studies of wind tunnel drag and flow transitions using commercial fabrics wrapped on a finite length cylindrical geometry. The studies showed that the cylinder wrapped with several types of fabrics exhibited less drag than the bare cylinder. This could have been attributed to the roughness of the material surface. Moreover, Chowdhury et al revealed that the fabric materials in higher speed sports including ski jumping as well as skier body position is crucial for the desired outcome of the event [2, 8] . However, scant information is available on the aerodynamic effect of compression on sports fabrics. Therefore, the primary objective of this study is to experimentally study the effect of compression on aerodynamic properties of sport fabrics. The standard cylinder testing methodology in vertical configuration was implied to correlate the aerodynamic properties with fabric surface texture over a range of wind speeds and different stretched conditions of a series of fabrics.
Methodology

Materials
Three commercially available knitted fabrics with different material composition were selected for this study. Table 1 shows the material composition of the fabrics tested. 
Measurement of fabric tension
An Instron universal test machine (Model 4466) with the maximum load rating 10 kN was used to conduct the tensile strength test of fabric samples. Two adapters (grips made of aluminium) were designed to hold the two ends of fabric uniformly. One attachment was used for the upper end of the fabric sample connected to the moving part of Instron loading arm while the other attachment was used to hold the base. The rubber slabs were used on the interior side of the aluminium adapter pales to make sure that the fabric would not slab out of the grip. The dimensions of the plate are 250 mm width, 60 mm length and 10 mm thickness which are bigger than the sample. The samples were prepared with dimensions of 220 mm width and 280 mm length. The thickness of the three samples is shown in Table 1 . The experimental setup is shown in Figure 1 . The fabric sample was stretched till it reached 100 mm extension from zero. The data measurement sampling rate was 4 Hz. The tension applied in the weft direction of the three samples. 
Measurement of aerodynamic properties
A standard cylinder methodology was used to measure the drag generated by the fabric under different stretched conditions. Figure 2 shows the CAD model of the experimental setup. More details about the methodology can be found in Moria et al. [4, 5] and Chaowdhury et al. [2, 8] . In order to obtain aerodynamic properties of the fabric samples experimentally, a 90 mm diameter and 220 mm length cylinder was manufactured. The cylinder was made of PVC material and used some filler to make it structurally rigid. The cylinder was vertically supported on a six component force sensor (type JR3) that had a sensitivity of 0.05% over a range of 0 to 200 N. The aerodynamic forces and their moments were measured over a range of Reynolds numbers (Re) based on cylinder diameter and varied wind speeds (from 30 km/h to 140 km/h with an increment of 10 km/h). Material to be tested was wrapped onto the cylinder at different tension level and joined together by creating a seam which was placed at the rear of the cylinder (e.g., 180° orientation) to minimise the effect of seam on aerodynamic properties (see Moria et al [4, 5] ). Based on the stretch measured by Instron, the sample length was determined. Each sample was tested with different tension but made of the same material. The drag of the cylinder support was measured and subtracted from the drag of the cylinder and support. Figure 3 shows the cylinder fitted with three test fabrics for the wind tunnel testing. The RMIT Industrial Wind Tunnel was used for this study. Details about the tunnel can be found in Alam et al. [9] . 
Microstructural analysis
An electron scanning microscope was used to analyze the fabric microstructure, to illustrate the fabric features at 100X magnification for un-stretched and stretched fabrics. As mentioned previously, the tension applied in the weft direction of all three samples. Under the applied tension, the dimension of wells (gaps) especially in the weft and warp directions has increased. The surface becomes relatively rougher compared to the un-stretched condition.
Results and Discussion
The purpose of studying different sport fabrics under tension is to measure the effect of aerodynamic properties. The dimensionless quantity drag coefficient (C D ) is presented in this paper. The C D and Reynolds number (Re) were calculated by using the following formula: C D = D/0.5 V 2 A and Re = Vd/ . Figure 6 illustrates the C D variations with Re for the bare cylinder and three sport fabrics with different stretch levels (0 mm to 100 mm with increment of 20 mm) . In order to compare the results of fabric under stretched and un-stretched condition, the C D of bare cylinder was also shown in all figures. Figure 6 clearly indicates that the bare cylinder did not experience any transition flow. Fabric samples 1, 2 and 3 under various stretch conditions obtained a transition from laminar to turbulent flow regimes at different speeds. Nonetheless, Sample-1with 0 mm extension (normal fit), delayed the transition at 90 km/h (e.g., Re = 1.52 × 10 5 ) compared to other cases. Stretching the Sample-1 from 20 to 100 mm (maximum stretch) significantly enhanced with early flow transition and advantages in C D value. All the cases in Sample-2 underwent an earlier transition at the same speed at 60 km/h (e.g., Re = 1.00 × 10 5 ). It was also found that stretching Sample-2 did not enhance the flow transition. Among all the cases, the 20 mm extension has the lower C D value while the normal fit fabric has C D value of bare cylinder at high speed. On the other hand, Sample-3 with all stretch cases obtained the same flow transition speed (e.g., 60 km/h). Furthermore, after the flow transition, the normal fit with 0 mm has a similar C D value of bare cylinder and similar to Sample-1 (normal fit). In general, the rougher surface of the fabric extends the turbulent boundary layer by reducing the length of laminar boundary layer and ultimately delays the flow separation in comparison with the smooth surface of bare cylinder [10] [11] [12] .
Conclusions
The following conclusions were drawn from the work presented here:
The surface texture of the fabric was changed under different stretched level causing a notable effect on the aerodynamic drag. The fabric with higher stretches can provide an aerodynamic advantage by reducing drag at lower speeds.
The early flow transition caused by the surface texture under tension reduced the aerodynamic drag up to 30% for fabrics used in this study.
